Neurotransmission relies on synaptic vesicles fusing with the membrane of nerve cells to release their neurotransmitter content into the synaptic cleft, a process requiring the assembly of several members of the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) family. SNAREs represent an evolutionarily conserved protein family that mediates membrane fusion in the secretory and endocytic pathways of eukaryotic cells 1-3 . On membrane contact, these proteins assemble in trans between the membranes as a bundle of four a-helices, with the energy released during assembly being thought to drive fusion 4-6 . However, it is unclear how the energy is transferred to the membranes and whether assembly is conformationally linked to fusion. Here, we report the X-ray structure of the neuronal SNARE complex, consisting of rat syntaxin 1A, SNAP-25 and synaptobrevin 2, with the carboxy-terminal linkers and transmembrane regions at 3.4 Å resolution. The structure shows that assembly proceeds beyond the already known core SNARE complex 7 , resulting in a continuous helical bundle that is further stabilized by side-chain interactions in the linker region. Our results suggest that the final phase of SNARE assembly is directly coupled to membrane merger.
Neurotransmission relies on synaptic vesicles fusing with the membrane of nerve cells to release their neurotransmitter content into the synaptic cleft, a process requiring the assembly of several members of the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) family. SNAREs represent an evolutionarily conserved protein family that mediates membrane fusion in the secretory and endocytic pathways of eukaryotic cells [1] [2] [3] . On membrane contact, these proteins assemble in trans between the membranes as a bundle of four a-helices, with the energy released during assembly being thought to drive fusion [4] [5] [6] . However, it is unclear how the energy is transferred to the membranes and whether assembly is conformationally linked to fusion. Here, we report the X-ray structure of the neuronal SNARE complex, consisting of rat syntaxin 1A, SNAP-25 and synaptobrevin 2, with the carboxy-terminal linkers and transmembrane regions at 3.4 Å resolution. The structure shows that assembly proceeds beyond the already known core SNARE complex 7 , resulting in a continuous helical bundle that is further stabilized by side-chain interactions in the linker region. Our results suggest that the final phase of SNARE assembly is directly coupled to membrane merger.
SNAREs are characterized by conserved stretches of 60-70 amino acids termed SNARE motifs 2, 8, 9 . In syntaxin 1A and synaptobrevin 2, the SNARE motifs are connected by short linkers to C-terminal transmembrane regions (TMRs) (Fig. 1a ). SNAP-25 is anchored to the plasma membrane by means of palmitoyl chains bound to cysteine residues in a loop region connecting its two SNARE motifs. SNARE motifs are largely unstructured, but spontaneously assemble into helical SNARE complexes 10, 11 . The X-ray structure of the synaptic core complex, which is paradigmatic for all other SNARE complexes studied so far, revealed four intertwined, parallel a-helices, with each helix being provided by a different SNARE motif. The centre of the bundle contains 16 stacked layers of interacting, mostly hydrophobic side chains 7 .
Assembly of SNARE complexes is initiated amino-terminally and proceeds towards the C terminus in a zipper-like fashion, thus pulling the membranes together 12, 13 . However, it is unclear whether zippering extends all the way into the membrane or whether the linkers between the helical SNARE motifs and the transmembrane regions remain free and flexible, with the final step in membrane merger being effected by other factors [14] [15] [16] [17] .
First, we tested whether the linkers and TMRs add stability to the neuronal SNARE complex. Whereas the core complex containing only the SNARE motifs is already known to be very stable 18 , the complex including linkers and TMRs of both syntaxin 1 and synaptobrevin 2 was significantly more resistant to thermal and chemical denaturation than the core complex alone (Fig. 1b, c) . When only the TMR of syntaxin 1A was present, resistance to thermal and chemical denaturation approximated that of the core complex. When only the Table 1 ). Sx1a, syntaxin 1A; Syb2, synaptobrevin 2. c, Unfolding of the same complexes at increasing concentrations of guanidine hydrochloride (GdnHCl). d, Thermal unfolding of endosomal SNARE complexes consisting of syntaxin 7, syntaxin 8, Vti1b and endobrevin, either containing or lacking its four TMRs. e, Unfolding of the endosomal complexes at increasing concentrations of GdnHCl.
TMR of synaptobrevin 2 was present, stability was lower than that of the core complex, suggesting that the presence of the free C-terminal portion of synaptobrevin interferes with the packing of the four-helix bundle further upstream. Similarly, an endosomal SNARE complex that was composed of syntaxin 7, syntaxin 8, Vti1b and endobrevin and that contained all four TMRs was more stable than the corresponding core complex ( Fig. 1d, e ). These findings are in agreement with an earlier study reporting increased thermal stability of the SDS-resistant band pattern in SDS-polyacrylamide gel electrophoresis and protection of the linker region from trypsin digestion, and suggest that stabilizing interactions between SNAREs extend into the linker and TMRs 19 .
Second, to obtain structural information about the crucial C-terminal region, we solved the X-ray structure of a neuronal SNARE complex that included the TMRs of syntaxin 1A and synaptobrevin 2. Using n-nonyl b-D-glucopyranoside as detergent, we obtained crystals of space group C2 that diffracted to 3.4 Å . To solve the structure, initial experimental phases were obtained by singlewavelength anomalous dispersion (SAD) phasing using a complex with selenomethionine-labelled syntaxin 1A, which was crystallized and diffracted to a resolution of 4.3 Å (see Supplementary Fig. 1a -c for densities obtained by SAD phasing and Supplementary Fig. 2a , b for final 2F o 2F c maps).
As previously seen in the structure of the core complex 7 , the four SNARE motifs form a four-helix bundle. The most striking feature is that both syntaxin 1A and synaptobrevin 2 form continuous helices throughout their SNARE motifs, linker regions and TMRs (see Fig. 2a for an overview, Fig. 2b for an electrostatic surface plot, Fig. 2c for a close-up view on the linkers and TMRs, and Fig. 2d for a schematic representation of the interacting amino acids). In the crystal, hydrophobic contacts between the TMRs of synaptobrevin 2 and syntaxin 1A mediate the association of four complexes through their TMRs, forming an X-shaped assembly. Four synaptobrevin 2 TMRs build the core of this complex, surrounded by four TMRs from syntaxin 1A ( Supplementary Fig. 3a ).
The two complexes in an asymmetric unit are very similar (root mean squared deviation (r.m.s.d.) 5 0.6 Å ). The structures of the four-helical core of the complex closely resemble the previously published structures (r.m.s.d. 5 0.90 and 0.82 Å compared with the structure in ref. 20 , except for the last layer (18) , which is not completely resolved). The linker region contains a collar of aromatic residues that is surrounded predominantly by basic residues (Fig. 3) . Tyr 257 is part of this layer and is deeply buried in a pocket formed by three flanking lysine residues of syntaxin 1A (Lys 253, Lys 256 and Lys 260) and four residues of synaptobrevin 2 (Lys 85, Arg 86, Trp 89 and Asn 92). In addition, Lys 264 of syntaxin 1A engages in a hydrogen bond with Asn 92 of synaptobrevin 2. To investigate the importance of amino acid contacts in the linker region, we mutated several residues of syntaxin 1A to alanines (which are readily accommodated in a-helices) and subjected the corresponding complexes to thermal unfolding. Only substitution of Tyr 257 resulted in reduced thermal stability, whereas the effects of the other mutations on the melting transition temperature were not significant (Table 1) . Apparently, intermolecular side-chain contacts in the aromatic layer are crucial for stability and may stiffen the linker region.
Considerable electron density is observed around the linker regions, which cannot be ascribed to protein residues, but rather seems to result from sulphate ions, glycylglycylglycine and n-nonyl b-D-glucopyranoside molecules in the crystallization buffer. Although owing to the limited resolution the positions of glycylglycylglycine and n-nonyl b-D-glucopyranoside are uncertain, the sulphate ions are in contact with multiple positively charged side chains. In a biological membrane, these basic residues would probably be stabilized by lipid head-groups. Indeed, the polybasic region in syntaxin 1A is known to interact with negatively charged lipids. Mutation of these residues reduced the affinity for these lipids and resulted in a decrease in evoked secretion from bovine chromaffin cells 21 . C-terminally adjacent to the linker regions, the TMRs remain in contact, with residues Met 95, Ile 98, Leu 99, Ile 102 and Ile 106 in synaptobrevin 2, and Ile 268, Cys 271, Ile 274 and Leu 275 in syntaxin 1A largely contributing to the interaction surface. Beyond this region, the two TMRs veer away from each other. We also solved the structure of a complex purified and crystallized using n-heptyl b-D-glucopyranoside as a detergent. These crystals diffracted to 4.8 Å resolution, belong to space group I2 1 2 1 2 1 , and again harbour two very similar complexes per asymmetric unit (see Supplementary Fig.  2c for the model overlaid on the 2F o 2F c map). Although the overall structures of the complexes are very similar to the structures of the complexes in the monoclinic form (r.m.s.d. 5 0.9 Å ), the C-terminal parts of the synaptobrevin 2 TMRs deviate slightly, indicating some conformational flexibility (see Supplementary Fig. 4a, b ). In the I2 1 2 1 2 1 crystals, again four SNARE complexes form an X-shaped assembly, with the contacts being mainly mediated by the TMRs. However, the overall packing differs from C2 packing (see Supplementary Fig. 3b ). Although both inter-complex contacts at the TMRs and the angle between the TMRs are likely to be determined by crystal packing, it is conceivable that such contacts have a role during the transition states of the fusion reaction.
Helical continuity throughout the linkers and TMRs is unexpected, considering that perturbation of the linkers between the SNARE motifs and the TMRs, although adversely affecting fusion, seem to be better tolerated than perturbations of the SNARE motifs, in which single point mutations can abolish function 12, [22] [23] [24] . Insertion of short flexible elements between SNARE motif and TMR has only mild effects, but fusion of both biological and artificial membranes is progressively inhibited when the length of the insert is extended. Recently, synaptobrevin 2 variants carrying linker mutations were overexpressed in chromaffin cells that lack endogenous synaptobrevins and hence Ca 21 -regulated exocytosis 25 . Whereas wild-type synaptobrevin 2 fully rescued exocytosis, insertion of six amino acids just in front of the TMR of synaptobrevin 2 almost completely abolished fast secretion. Furthermore, although the Ca 21 threshold for release remained unchanged, the delay between the rise of intracellular Ca 21 concentration and the onset of release was increased, indicating a 'weakening' of the fusion machine operating downstream of the Ca 21 trigger. On the other hand, the effect of inserting two supposedly helix-breaking proline residues in the linker on exocytosis Carbon atoms in the side chains of aromatic amino acids are shown in black; otherwise, the same colour code as in Fig. 2 is used. As a landmark, aromatic residues (black sticks) within the linker region (grey) are shown. The hydrophilic head groups of the phospholipids are shown as balls, their aliphatic chains as sticks. The position of the complex in the palmitoyl-oleoyl-phosphatidylethanolamine (POPE) bilayer was estimated from a short (54.9 ns) molecular dynamics simulation, where the apolar parts of the TMRs were initially centred within the hydrophobic part of the bilayer. Because PE head groups are highly abundant in animal membranes and PO is a relatively short tail group, POPE lipids were chosen to mimic a simple membrane with a thickness of approximately 4.5-5.0 nm.
was surprisingly mild, in agreement with an earlier study in which no serious growth defects were observed when two prolines were inserted into the linker of the yeast syntaxin homologue Sso1p 26 . However, the mild phenotypes may be at least partially explained by overexpression of the mutant proteins, because a much stronger phenotype was observed when the (Pro) 2 -Sso1p variant was driven by the endogenous Sso1 promoter 26 . Figure 4 shows a model in which the SNARE complex was placed into a lipid bilayer. It represents the final stage of SNARE-mediated membrane fusion in which both TMRs come to rest in the same bilayer (cis complex). However, it raises interesting questions about the structural features of the complex before zippering is completed (trans complex). Although it is conceivable that in a partially zippered complex the non-assembled regions between the N-terminally assembled helical parts and the (presumably) helical transmembrane domains are unstructured, it is also possible that small helical regions exist that may provide a binding site for late regulatory proteins such as synaptotagmin and complexin. The model illustrates that the fourhelix bundle of the SNARE motifs sits as a perpendicular rod directly on top of the phospholipid bilayer. With the linkers of synaptobrevin 2 and syntaxin 1A buried in the top layer of the membrane, it is difficult to imagine how the four-helix bundle can be fully zippered before membrane merger is at least initiated, but we cannot exclude that zippering is confined to SNARE complexes surrounding the neck of a fusion pore that may form only transiently (kiss-and-run mode). Accordingly, it is understandable that structural perturbations in the linkers are less disruptive for fusion and may be at least partially compensated by engaging more SNARE complexes in the fusion reaction. Our data strongly support the view that SNAREs constitute a robust and simple fusion catalyst. SNAREs operate as nanomachines in which the energy barrier of membrane fusion is overcome by the energy provided during progressive N-C zippering of the SNARE proteins all the way into the membrane.
METHODS SUMMARY
All SNARE monomers were separately expressed from pET28a as His 6 -tagged proteins in Escherichia coli Bl21 (DE3) cells and purified by Ni 21 -NTA and ion exchange chromatography. SNARE complexes were then assembled from monomers and purified by ion exchange and size-exclusion chromatography. Diffraction data were collected on beamline X10SA at the Swiss Light Source of the Paul Scherrer Institut (Switzerland) and processed with HKL-2000. Initial phases were obtained from SAD data from crystals containing selenomethionine-labelled syntaxin 1A that diffracted to 4.3 Å resolution. For the final model building, native diffraction data to 3.4 Å resolution were used. Model building and refinement were performed using the programs COOT and PHENIX, respectively.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
